The recovery of Zr from Zircaloy-4 (Zry-4) cladding hulls using a chlorination method was demonstrated for complete conversion of Zr into ZrCl 4 . A chlorination reaction was performed by reacting Zry-4 hulls for 8 h under a 70 cc/min Cl 2 + 70 cc/min Ar flow at 380 o C. The initial weight of the reactant (51.7 g) decreased to 0.49 g after 8 h of operation, which is only 0.95wt% of the initial weight. The weight of the total reaction products was 121.7 g with a high Zr purity of 99.80wt%. Fe and Sn were identified as major (0.18wt%) and minor (0.02wt%) impurities of the reaction products, respectively. It was also shown that Zr exhibited a high recovery ratio of 96.95wt% with a relatively small experimental loss of 2.34wt%. Observation of the reaction residues revealed that the chlorination reaction was dominant along the longitudinal direction, and surface oxide layers remained as reaction residues. The high purity and recovery ratio of Zr proposed the feasibility of the chlorination technique as an effective hull waste treatment method. 
Introduction
It is widely known that a cladding hull waste is produced after reprocessing of Spent Nuclear Fuels (SNFs), whether a wet or dry reprocessing technique is employed. The importance of the cladding hull waste cannot be underestimated owing to its large portion (about 25% of nuclear material) and high radioactivity. Previous works suggest that cladding hull waste should be treated as a GTCC (Greater Than Class C) or HLW (high level waste) [1, 2] . In the case of pyro-processing, which employs electrochemical reactions to recover nuclear materials from the SNF, the cladding hulls are separated from nuclear materials using an oxidative decladding process [3] [4] [5] [6] . Even after the oxidative decladding, a little amount of SNF stuck on the inner surface of the hulls cannot be removed completely. In addition, some of the fission products penetrate into the hulls [2] and the radioactivation of the hulls also produces various radioactive nuclides inside the hulls [7] . These various impurities make it difficult to decontaminate the cladding hull waste to treat it as an intermediate-or low-level waste.
At the Korea Atomic Energy Research Institute (KA-ERI), two options of chlorination and electro-refining processes are under investigation for the treatment of cladding hull waste. These techniques are aimed at the selective recovery of Zr from the cladding hull waste because cladding materials employed in light water reactors in Korea contain about 98wt% of Zr. In the electrorefining process, Zr is selectively deposited on a cathode electrode by applying the appropriate current/potential in a molten salt bath [8] . The electro-refining method is beneficial for integrated operation with the pyro-processing because it employs similar operation conditions with those of pyro-processing unit operations. However, slow reaction kinetics and difficulty in scale-up are major obstacles to be solved before the electro-refining technique is commercialized. On the other hand, the chlorination technique has merits of fast reaction kinetics and a relatively easy scale-up, although the high toxicity of chlorine gas should be considered before integration. In the chlorination technique, metallic Zr reacts with chlorine gas to produce volatile Zr tetrachloride, which is gaseous at over 331 o C. The low sublimation temperature of ZrCl 4 enables easy separation of the reaction product from the other radioactive nuclides including the residual SNF. There have been a few papers that have performed the chlorination process using cladding hulls [9] [10] [11] [12] . Yasuike et al. [9] reported that they could recover Zr from Zircaloy-2 hulls even in the presence of Co, UO 2 , Ni, and
Cs. Our group previously demonstrated that highly pure Zr can be achieved using a quartz reactor designed for the chlorination reaction of cladding hulls [10, 11] , and it was also shown that oxidation of the hulls prior to the chlorination reaction suppresses the chlorination process [11] . However, these experiments were performed at the 10 g scale, and partial chlorination of the hulls was performed. In theoretical calculations, it was suggested that oxides of Zr, Sn, Fe, and Cr might not react with chlorine gas, while chlorides of Sn and Fe produced from metallic Sn and Fe might be co-recovered with ZrCl 4 owing to their lower boiling point than that of ZrCl 4 [10, 13, 14] .
In the present study, a complete recovery of Zr from hulls was demonstrated at the 50 g scale using a quartz reactor system previously introduced by our group [10] . Based on the scale of PRIDE (PyRoprocess Integrated inactive DEmonstration facility), 10 MTHM of SNF per year, the chlorination process should treat up to 13 kg of cladding hulls per day based on 200 days operation. To achieve this goal, many aspects should be considered including effect of operation conditions on the recovery ratio and purity of Zr. Because it was previously reported by Yasuike et al. [9] that reactor temperature suddenly increased at the start-up of the process due to release of reaction heat. The control of reactor temperature might cause different Zr product purity due to formation of volatile impurities such as CrCl 4 . In the present study, a preliminary test was performed to verify the recovery ratio and purity of Zr in 50 g scale of Zry-4 cladding hulls when a complete chlorination is carried out. An analysis of the reaction products and residues was performed based on the composition analysis results.
Experimental
A quartz reactor designed for the chlorination reaction of cladding hulls, which was introduced in our previous work [10] , was also employed for this study. The quartz reactor has a quartz frit in the middle to support cladding hulls in the reaction zone and to separate vaporized ZrCl 4 from the cladding hulls and reaction residues. When Cl 2 /Ar gas is fed from the top of the reactor, Cl 2 reacts with Zr to produce gaseous ZrCl 4 . ZrCl 4 cladding hulls, and they were partially destroyed into powdery form because of the gas stream pressure. It should also be noted that the hulls of Residue-1 clearly show the direction of the reaction progress within the hulls. In all 5
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cases, the edges of the hulls were significantly removed by the chlorination reaction, while only small holes were observed on the side walls. This behavior suggests that the chlorination reaction might proceed from both the edges and side walls, leaving the outermost oxide layer as shown in Fig. 1(C) , although the chlorination reaction along the edges might be a dominant process. A significant difference between the two reaction products was observed, as shown in Fig. 1(D) and 1(E) . It was clearly shown that the color of Product-1 ( Fig. 1(D) ) exhibits a more whitish color than that of Product-2 ( Fig. 1(E) ). In addition, the dark-orange color observed in both products is clearly different from the previous results of our group [10] , where a white colored powder was achieved after a weight loss of 65.8% with a Zr purity of higher than 99.97wt%. The difference in the color of the reaction products was further discussed using the composition analysis results. Table 1 lists the composition analysis results of the reactant, products and Residue-2. It should be noted that the amount of oxygen incorporated during the oxidation process (0.16wt%) was not considered in the composition calculation. As shown in the table, the mass ratios of Zr among metals were 99.90 and 99.59wt% for Product-1 and Product-2, respectively, which are lower than 99.97wt% from our previous study [10] , where an incomplete chlorination process was performed. On the other hand, the metal ratio of Fe was 0.10 and 0.36wt% for Product-1 and -2, respectively, suggesting that the color change in the reaction products might have come from different Fe concentration in the products. In addition, the results of reduced Zr purity and increased Fe concentration are in good agreement with our theoretical calculation result [10] , which suggests that the chlorination reaction preference follows an order of Zr > Cr > Sn > Fe. Although the purity of Zr was slightly decreased in Product-2, the purity of Zr based on the total products still exhibited a high value of 99.80wt% with Fe and Sn as impurities. Here, it should be commented that no Cr was observed in the reaction products, which looks natural when low vapor pressure of CrCl 3 (less than 0.01
Torr at 380 o C) is considered [15] . In addition, this result also shows that a formation of volatile CrCl 4 [15] was not significant in the conditions of the present study.
The composition analysis results of the reaction residue shown in Table 1 In a real case of the chlorination process, the cladding hulls are mixed with residual SNF, and it is well known that ZrCl 4 can chlorinate other oxides such as UO 2 . Therefore, before scaling up the chlorination process, it might be helpful to investigate the reactivity of ZrCl 4 with U oxides which are the main components of the residual SNF. Therefore, the formation of PuCl 3 in Table 3 In the case of U, direct reaction of UO 2 with chlorine gas to produce UO 2 Cl 2 is thermodynamically feasible as reaction (3) 
Conclusions
A complete recovery of Zr from Zry-4 cladding hulls was successfully demonstrated at a 50 g scale using a quartz reactor system. After 8 h of the chlorination process, highly pure Zr (99.80wt%) was achieved with a high recovery ratio of 96.95wt%, showing that the chlorination method is a quick and simple technique to recover Zr from cladding hull wastes. It was also shown that Fe is recovered with ZrCl 4 as a major impurity (0.18wt%). The amount of the final reaction residue was 0.95wt% of the initial weight, proving that the chlorination technique is an effective method to minimize the amount of HLW generated during the pyroprocessing.
